Microbes engineered to display heterologous proteins could be useful biotechnological tools for protein engineering, lignocellulose degradation, biocatalysis, bioremediation, and biosensing. Bacillus subtilis is a promising host to display proteins, as this model Gram-positive bacterium is genetically tractable and already used industrially to produce enzymes. To gain insight into the factors that affect displayed protein stability and copy number, we systematically compared the ability of different protease-deficient B. subtilis strains (WB800, BRB07, BRB08, and BRB14) to display a Cel8A-LysM reporter protein in which the Clostridium thermocellum Cel8A endoglucanase is fused to LysM cell wall binding modules. Whole-cell cellulase measurements and fractionation experiments demonstrate that genetically eliminating extracytoplasmic bacterial proteases improves Cel8A-LysM display levels. However, upon entering stationary phase, for all protease-deficient strains, the amount of displayed reporter dramatically decreases, presumably as a result of cellular autolysis. This problem can be partially overcome by adding chemical protease inhibitors, which significantly increase protein display levels. We conclude that strain BRB08 is well suited for stably displaying our reporter protein, as genetic removal of its extracellular and cell wall-associated proteases leads to the highest levels of surfaceaccumulated Cel8A-LysM without causing secretion stress or impairing growth. A two-step procedure is presented that enables the construction of enzyme-coated vegetative B. subtilis cells that retain stable cell-associated enzyme activity for nearly 3 days. The results of this work could aid the development of whole-cell display systems that have useful biotechnological applications.
Introduction
Bacteria engineered to display heterologous proteins have many potential biotechnological applications, including uses in protein engineering, biocatalysis, lignocellulose degradation, biosensing, and bioremediation (Lee et al. 2003; Wernerus and Stahl 2004; Schuurmann et al. 2014; Li and Tao 2015; Smith et al. 2015) . Surface display methods are attractive because the microbe produces and displays the protein during growth, circumventing the need for time-consuming protein purification and immobilization procedures that are typically used to create protein-coated materials (Garcia-Galan et al. 2011; Mohamad et al. 2015; Hyeon et al. 2016) . Moreover, surface-engineered bacteria that display cellulolytic enzymes can be used as consolidating bioprocessing microbes that convert abundant plant biomass into biofuels and other biocommodities (la Grange et al. 2010; Olson et al. 2012; Huang et al. 2014; Hyeon et al. 2016; Huang and Clubb 2017) . Gram-positive bacteria may be particularly well suited for displaying heterologous proteins due to the relatively simple structure of their cell envelope, which consists of a single membrane surrounded by a thick peptidoglycan wall. As a result, a number of groups have sought to engineer the surface proteome of Bacillus subtilis, a genetically tractable model Gram-positive bacterium that has an established role in industry and Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00253-018-9062-x) contains supplementary material, which is available to authorized users.
has generally recognized as safe (GRAS) status (Schallmey et al. 2004; Liu et al. 2013) . B. subtilis is also capable of secreting large quantities of proteins, a requirement for densely displaying heterologous proteins on its surface. Devising methods to efficiently display proteins on vegetative B. subtilis is of significant interest, since unlike its spore form, these cells are metabolically active. Moreover, vegetative cells are significantly larger than spores, potentially enabling a greater number of proteins to be displayed.
Several approaches have been developed to display heterologous proteins on the surface of vegetative B. subtilis (Kobayashi et al. 2000; Desvaux et al. 2006; Nguyen and Schumann 2006; Chen et al. 2008; Huang et al. 2014; Huang and Clubb 2017) . These methods either covalently or non-covalently attach the protein to the cell wall peptidoglycan after it has first been exported across the membrane through the Sec translocon. Covalent cell wall attachment is achieved by simultaneously expressing a protein containing a C-terminal LPXTG-sorting signal sequence and a cysteine transpeptidase sortase A enzyme that joins the protein to the lipid II molecule, which is eventually incorporated into nascent peptidoglycan (Spirig et al. 2011 ). This approach was first used to display α-amylase protein, which was surface attached by the Sortase A enzyme from Listeria monocytogenes (~240,000 proteins per B. subtilis cell) (Nguyen and Schumann 2006) . Later, Liew et al. (2012) displayed~47,300 copies of β-lactamase per cell, which were attached by the native B. subtilis YhcS sortase enzyme. Non-covalent attachment to the surface has also been achieved by fusing proteins to either LysM (lysin motif) (pfam 01476) or type II cell wall binding domains (pfam 04122) (Kobayashi et al. 2000; Chen et al. 2008) . The highest levels of display were achieved by fusing the protein to LysM, with an estimated 1.1 × 10 8 β-lactamase proteins displayed per filamentous cell (Chen et al. 2008) . While both non-covalent and covalent attachment methods have been demonstrated, non-covalent protein attachment methods are, in principle, simpler to use, as the cells only need to be engineered to express a fusion protein containing a cell wall binding domain.
For many biotechnological applications, the activity of proteins displayed on the surface of vegetative B. subtilis should be stable for long periods of time, at least several days if they are to be used as biocatalysts (Homaei et al. 2013; Sirisha et al. 2016) . While a number of display methods have been reported, the durability of displayed heterologous protein activity and how it is affected by extracytoplasmic proteases and solution conditions is not well known. In this study, we developed a B. subtilis protein display reporter system in which the Clostridium thermocellum Cel8A endoglucanase is fused to the B. subtilis LysM cell wall binding module. The effects of LysM positioning, extracytoplasmic proteases, and solution conditions on cell morphology, stress response, displayed protein copy number, and stability were determined. Reporter protein display was studied in B. subtilis strain 168 and protease-deficient strains WB800S, BRB07, BRB08, and BRB14 (Wu et al. 2002; Pohl et al. 2013) . We show that fusion protein display has a profound impact on cell morphology depending on the host strain employed, with some of the highest levels of stable protein display obtained using strain BRB08. Interestingly, displayed enzyme activity is rapidly lost from the surface of B. subtilis cells, even when the cells are genetically modified to eliminate the production of extracytoplasmic proteases. However, this problem can be overcome by choosing solution conditions that maintain an energized cellular membrane, enabling stable, high-density protein display for over 2 days. The ability to produce stable enzyme-coated B. subtilis is an important step toward their practical use in biotechnological applications.
Materials and methods

Strains, plasmids, and cloning
Bacterial strains and plasmids are listed in Table 1 . WB800S was created by transforming WB800 with the pJL62 plasmid, which converted chloramphenicol resistance to spectinomycin resistance (Ledeaux and Grossman 1995) . This was done to allow subsequent cloning with B. subtilisEscherichia coli shuttle plasmids that contained a chloramphenicol acetyltransferase gene. Genes encoding the Cel8A and LysM fusion proteins were introduced into B. subtilis using the pBL113 B. subtilis-E. coli shuttle vector derived from pRDC19 (Arigoni et al. 1998) , which integrates into the thrC locus. Shuttle vectors were constructed using standard molecular biology methods. The pE-SUMO vector (LifeSensors, Devault, PA, USA) was used to express Cel8A in E. coli for protein purification. The expression plasmid was constructed using standard methods and contains DNA encoding Cel8A that was altered using QuikChange to remove an internal BamHI site. The Cel8A expression plasmid was transformed into E. coli Rosetta (DE3) pLysS cells (Novagen) for protein expression. Primers used are listed in Table S1 .
For gene integration, B. subtilis competent cells were created according to the following protocol (Anagnostopoulos and Spizizen 1961) . B. subtilis lawn plates were grown overnight at room temperature. In the morning, cells were washed off of the lawn plates using lawn wash buffer [15 mM (NH 4 Five microliters of plasmid DNA was added to each tube. The tubes were incubated at 37°C with shaking for 20 min before plating on Luria-Bertani (LB) agar and antibiotic (spectinomycin, 100 μg/mL; erythromycin, 1 μg/mL; chloramphenicol, 5 μg/ mL). Plates were incubated at 37°C overnight before colonies were picked, streak purified twice, and patched to check for the correct phenotypes, and whole-cell PCR product was sequenced (Apex Taq Red Master Mix, 2.0X; Genesee, San Diego, CA, USA).
Cel8A purification and standard curve creation
Protein expression in E. coli Rosetta (DE3) pLysS cells containing the pE-SUMO-Cel8A plasmid was achieved using standard methods. Briefly, cells were grown to OD 600 = 0.6, expression was induced by adding 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and the cells were incubated with shaking for 16 h at 17°C. After harvesting the cells by centrifugation, the pellet was sonicated in resuspension buffer (50 mM Tris, pH 8.0; 500 mM NaCl; 20 mM imidazole; 0.5% CHAPS; 1% Triton X-100; 10% glycerol; 2.5 mM MgCl 2 ) with added protease inhibitor cocktail powder (P2714; SigmaAldrich, St. Louis, MO, USA) and phenylmethanesulfonyl fluoride (PMSF) (P7626; Sigma-Aldrich). The lysis supernatant was passed through a HisPur cobalt column (89964; Thermo Fisher, Waltham, MA, USA), and the resin was washed with wash buffer (50 mM Tris, pH 8.0; 500 mM NaCl; 20 mM imidazole; 0.5% CHAPS; 1% Triton X-100; 10% glycerol). Cel8A was eluted from the column by adding elution buffer (50 mM Tris, pH 8.0; 500 mM NaCl; 150 mM imidazole; 0.5% CHAPS; 10% glycerol) and concentrated, and the His 6 -SUMO tag was removed by adding ULP1 protease and incubation overnight in cleavage buffer (50 mM Tris, pH 7.0; 300 mM NaCl) at 4°C. The mixture was reapplied to the HisPur cobalt column to isolate untagged Cel8A, and the pure protein was concentrated for use in enzyme assays. In order to generate a standard curve, purified Cel8A was assayed for cellulase activity using carboxymethyl cellulose (CMC) as a substrate. Briefly, on ice, varying amounts of purified protein were added to a solution of 2.5% CMC dissolved in 20 mM Tris-HCl (pH 6.0), and brought to a final volume of 1 mL at a 2.0% CMC concentration. These samples were incubated at 37°C with shaking. After 1 h, 0.5 mL of each sample was withdrawn and stored at − 20°C. Enzyme activity was determined using the dinitrosalicylic acid (DNS) method and the standard curve obtained by plotting the amount of Cel8A protein (mg) versus A 575 (Miller 1959) . The following linear dependence was obtained: y = 4112x − 0.1127, where y = A 575 and x = protein (mg). The specific activity was determined to be 182 μmol glucose min -1 mg -1 . Whole-cell enzyme activity studies
The amount of cell-displayed Cel8A enzyme was determined using the CMC cellulase assay described above. Briefly, for each strain studied, cells from a glycerol stock were plated onto LB agar and antibiotic plates and incubated at 37°C to allow individual colonies to grow. Individual colonies were grown overnight at 37°C in 5 mL LB broth to saturation. The overnight culture was diluted to OD 600 = 0.05 and cultured in 50 mL LB broth (with antibiotic) (the start of the culture is defined as the T = 0 time point). For cells cultured with protease inhibitor cocktail (PIC), Roche cOmplete mini EDTA-free PIC was also added to the media at 1 tablet per 10 mL media (11836170001; Sigma-Aldrich, St. Louis, MO, USA) (Westers et al. 2008 ). All cultures were grown at 37°C with shaking. When cultures grew to OD 600 = 0.4, Cel8A production was induced by adding IPTG to a final concentration of 1 mM. This cell density typically occurred 2 to 2.5 h after inoculation (T = 2 to 2.5 h) and was found to be the optimal density for induction of Cel8A expression. At T = 5 and 10 h, culture samples for activity analyses were collected and diluted in growth media to obtain OD 600 = 2. A 1-mL sample of each culture was then centrifuged at 5000×g for 3 min. The supernatant was collected and placed on ice, while the cell pellet was washed using 1 mL of 20 mM Tris-HCl (pH 6.0). The amount of cell-associated enzyme activity was determined by resuspending the washed cell pellet in 1 mL of 2.0% CMC dissolved in 20 mM Tris-HCl (pH 6.0). The cell-CMC mixture was incubated at 37°C with shaking for 1 h and centrifuged at 20,000×g for 10 min, and 0.5 mL of the supernatant was removed and frozen at − 20°C. The amount of reducing sugars generated by the cells was determined by the DNS method. Briefly, a thawed 0.5-mL sample was added to an equal volume of DNS reagent (1% 3,5-dinitrosalicylic acid, 1% NaOH, 0.2% phenol, 0.5% Na 2 SO 3 ). The mixture was vortexed, boiled for 10 min, and allowed to cool to room temperature. The absorbance at A 575 was measured using a spectrophotometer (Shimadzu UV-1700; PharmaSpec, Kyoto, Japan), and the amount of cell-associated, displayed enzyme was determined using the aforementioned standard curve. A similar procedure was used to measure the amount of enzyme activity present in the culture supernatant. However, the volume of supernatant that was assayed was adjusted to ensure that the measured A 575 obtained after the addition of DNS was in the linear range of the spectrophotometer. Depending upon the culture assayed, the following amounts of supernatants were used: (i) 200 μL of the supernatant and 800 μL of 2.5% CMC; (ii) 100 μL of the supernatant, 100 μL of 20 mM Tris-HCl (pH 6.0), and 800 μL of 2.5% CMC; or (iii) 40 μL of the supernatant, 160 μL of 20 mM Tris-HCl (pH 6.0), and 800 μL of 2.5% CMC.
The following procedure was used to determine the effects of additives on the stability of cell-associated cellulase activity. Cells were cultured in 40 mL LB with PIC tablets added as described above. Protein expression was induced at an OD 600 = 0.4, and the cells were grown to T = 5 h and then harvested by centrifugation. The cell pellets were washed twice with 30 mL water and then resuspended in 30 mL CMC buffer with additives (0.5% glycerol, 1.3% glucose, PIC, 0.5% glycerol + PIC, 1.3% glucose + PIC, or 75 mM sodium azide) to an OD 600 = 0.6. At certain time intervals, OD 600 was recorded to estimate the percentage of remaining cells and enzymatic activity assays were conducted as described above. Cell-associated enzymatic activity was normalized per volume, and cast as percent activity, with the activity of the pellet at the initial harvest immediately before resuspension with additives defined as 100%.
Cell fractionation, Western blotting, and microscopy
A total of 200 mL of LB broth was inoculated to a starting OD 600 = 0.05 with the relevant strain. Cultures were grown with shaking at 37°C, IPTG was added at OD 600 = 0.4 to 1 mM, and the cells were harvested after a total of 5 h of growth (T = 5 h). Cells were normalized to an OD 600 = 333 in 0.5 mL. After centrifugation, the cell pellet and supernatant were prepared separately for immunoblot analysis. The supernatant containing secreted proteins was filtered through a 0.22-μm membrane to eliminate cell debris. Trichloroacetic acid was added to the supernatant to a final concentration of 10% to precipitate protein, and the solution was incubated on ice for 30 min, centrifuged at 20,000×g for 30 min at 4°C, and resuspended in 0.5 mL water (Link and LaBaer 2011) . The cell pellet was washed with 25 mL fractionation wash buffer [50 mM Tris-HCl (pH 7.6); 0.1% PMSF; 0.1% protease inhibitor cocktail; P2714, Sigma-Aldrich], prior to resuspension in 0.5 mL SET buffer [50 mM Tris-HCl (pH 7.6); 50 mM EDTA; 20% sucrose; 0.1% PMSF; 0.1% protease inhibitor cocktail; P2714, Sigma-Aldrich] with 1 mg/mL lysozyme (Liew et al. 2012) . The cell walls were digested for 30 min at 37°C, and the protoplast was pelleted by centrifugation at 20,000×g for 30 min. The soluble cell wall sample was collected and saved in the freezer for later analysis. Protoplasts were resuspended in fractionation wash buffer and 2× SDS-PAGE loading buffer to dilute them to a tenth of the concentration of the secreted and cell wall fractions for reasonable gel loadings and were boiled for 30 min to reduce the stickiness of the samples.
Samples were separated by SDS-PAGE using a NuPAGE Novex 4-12% Bis Tris 1.5-mm 15-well gel (NP0336BOX; Life Technologies, Carlsbad, CA, USA). Samples were loaded such that each lane contains protein from approximately 2.5 × 10 8 cells, and MagicMark XP Western Protein Standard (LC5602; Life Technologies) was used as a molecular weight ladder. The gels were run at 200 V for 35 min in MES-SDS running buffer (NP0002; Life Technologies). They were soaked briefly in water before transfer to a polyvinylidene difluoride (PVDF) membrane (Life Technologies iBlot 2 System: IB24001, IB24002). The membrane was blocked in 20 mL Tris-buffered saline with Tween 20 (TBST) [20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 0.05% Tween] and 5% bovine serum albumin (BSA) overnight at 4°C on an orbital shaker. The membrane was then incubated with primary antibody for 1 h [anti-His mouse monoclonal antibody, MA121315, dilution of 10 μL in 10 mL TBST + 1% BSA (Life Technologies); anti-RpoB mouse monoclonal antibody, 8RB13, dilution of 10 μL in 10 mL TBST + 1% BSA (Abcam)], washed three times with 50 mL TBST, incubated with secondary antibody for 1 h [anti-mouse anti-IgG linked to HRP, A9044, dilution of 2 μL in 10 mL TBST + 1% BSA (Sigma-Aldrich)], washed three times with 50 mL TBST, and then incubated with Western blot substrate. For more abundant or less abundant proteins, we used Pierce ECL Western Blotting Substrate (32106, Life Technologies) and SuperSignal West Pico Chemiluminescent Substrate (34080, Life Technologies), respectively. Membranes were visualized using a Konica Minolta SRX-101A. Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry was performed on the supernatant fraction of WB800S cells expressing Cel8A-LysM using a Bruker UltraFlex MALDI-TOF mass spectrometer. Briefly, His 6 -tagged proteins were enriched from the supernatant of BRB08 cells using a HisPur cobalt column (89964; Thermo Fisher, Waltham, MA, USA) and eluted into Tris-buffered saline (TBS) [25 mM Tris-HCl (pH 7.4), 137 mM NaCl, 2.7 mM KCl, 100 mM imidazole]. The protein was concentrated to 40 μM. Protein sample was mixed 1:1 with sinapinic acid in TA50 (50% acetonitrile, 50% water, 0.1% TFA). One microliter was spotted onto a MALDI plate. Spectra are the sum of three collections, each from 2000 shots with the detector gain at 3146 V. Peptide mass was assessed using the ExPASy FindPept server.
Cells were observed by differential interference contrast (DIC) microscopy using a Zeiss Axio Imager Z1 with × 63 or × 100 oil immersion objectives (Oberkochen, Germany). Cells were grown in the same conditions as mentioned above for the cellulase assay. They were harvested at T = 5 and 10 h by centrifugation, and the pellet was gently resuspended in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 ). Cover slips were coated with poly-L-lysine according the protocol described by the vendor (P5899, Sigma-Aldrich).
Quantitative RT-PCR for measuring gene expression
Cells were grown in the same conditions as mentioned above for the whole-cell enzyme activity studies and microscopy. 10 7 cells were harvested at T = 5 and 10 h and briefly centrifuged, then resuspended in RNAlater (AM7020, Thermo Fisher Scientific). After a 1-h incubation in RNAlater at room temperature, cells were centrifuged, the supernatant was removed, and pellets were frozen at − 80°C. RNA was purified from frozen samples using the RiboPure RNA Purification Kit, bacteria (AM1925, Thermo Fisher Scientific) according to manufacturer's guidelines. Complementary DNA (cDNA) was generated in 96-well plates using the SuperScript III FirstStrand Synthesis SuperMix for qRT-PCR (11752050, Thermo Fisher Scientific). cDNA was used for dye-based quantitative polymerase chain reaction (qPCR) in a CFX connect RealTime PCR detection system (1855201; Bio-Rad, Hercules, CA, USA). qPCR was performed using the iTaq Universal SYBR Green Supermix (1725122). Primers used to generate cDNA and for qPCR are listed in Table S1 . Data was analyzed using the 2 −ΔΔCT method for relative quantification (Livak and Schmittgen 2001) using the DNA Gyrase B transcript as an internal control for RNA concentration and the respective gene (Cel8A-LysM, CssR, LiaR) from B. subtilis 168 Cel8A-LysM as a calibrator (i.e., all gene expression levels are normalized to B. subtilis 168 Cel8A-LysM RNA levels).
Accession numbers
The accession numbers of the genes used in this study are as follows: Cel8A (GenBank K02088.1), amino acids 32-394; LysM (GenBank U38819.1), amino acids 25-230; linker (GenBank ABD31805.1), amino acids 770-880; and signal peptide (GenBank ZP_03590039.1), amino acids 1-35.
Results
Construction of a Cel8A-LysM reporter system to quantify protein display
We developed a reporter system to quantify heterologous protein display on the surface of vegetative B. subtilis cells. A series of proteins containing three LysM cell wall binding modules fused to the Cel8A endoglucanase from Clostridium thermocellum were expressed in B. subtilis strain 168 and several protease-deficient derivatives (Fig. 1) . The LysM module is derived from the B. subtilis LytE protein and has previously been used to display β-lactamase enzymes on the cell surface, while the Cel8A enzyme was displayed because its enzymatic activity can readily be measured using a colorimetric DNS-reducing sugar assay (Miller 1959; Petre et al. 1981; Schwarz et al. 1986; Chen et al. 2008 ). All proteins should be secreted by the microbe, as they contain an Nterminal signal peptide (SP) sequence derived from the B. subtilis PhrC protein. They also contain a hexahistidine tag (His 6 ) to enable detection by immunoblotting. Five protein expression constructs were characterized: (i) Cel8A-LysM, LysM fused to the C-terminus of Cel8A; (ii) LysM-Cel8A, LysM fused to the N-terminus of Cel8A; (iii) Cel8A-[L]-LysM, LysM fused to the C-terminus of Cel8A by a 110-amino acid linker segment derived from the Staphylococcus aureus FnBPB protein; (iv) LysM-[L]-Cel8A, Cel8A containing N-terminal LysM modules connected by the FnBPB linker; and (v) Cel8A, which serves as a negative control because it does not contain LysM and therefore should not associate with the cell wall. The FnBPB polypeptide was used to connect the Cel8A and LysM proteins because it has previously been successfully employed to display proteins in B. subtilis, presumably because it enables heterologous enzymes to penetrate through the peptidoglycan (Strauss and Gotz 1996; Nguyen and Schumann 2006; Chen et al. 2008) . Genes encoding the fusion proteins were integrated into the thrC locus on the B. subtilis genome. A list of the strains and plasmids described in this paper is presented in Table 1 . Fusion protein display levels were initially measured in laboratory strain B. subtilis 168 and strain WB800S in which eight extracytoplasmic proteases are genetically eliminated. WB800S is identical to strain WB800 originally constructed by Wu et al. (Wu et al. 2002) but was further engineered to be resistant to spectinomycin rather than chloramphenicol to facilitate downstream cloning efforts. In WB800S, the genes encoding seven secreted feeder proteases (AprE, Epr, Bpr, Vpr, NprE, NprB, Mpr) and the cell wall-associated protease (WprA) are deleted . Cells expressing each fusion protein were cultured and induced, and the cellassociated and secreted Cel8A activity was measured at midlog phase (T = 5 h) and at stationary phase (T = 10 h). Strains 168 and WB800S expressing all constructs initially grew at similar rates, seemed to grow more slowly in late exponential phase, but achieved similar final densities (representative growth data is shown for Cel8A-LysM in Fig. 2a) . The amount of cell-associated and secreted enzyme activity was determined for each reporter protein in strains 168 and WB800S (Table S2 ). Only cells expressing proteins containing LysM fused to their C-termini (Cel8A-LysM and Cel8A-[L]-LysM) exhibited appreciable cell-associated Cel8A activity, with Cel8A-LysM displayed at the highest level (~18,000 per cell during exponential growth) (Fig. 2b) . Higher cell-associated Cel8A-LysM and Cel8A-[L]-LysM activity is observed when the proteins are expressed in strain WB800S, presumably because of reduced proteolysis. In contrast, cells expressing LysMCel8A and LysM-[L]-Cel8A primarily secrete these enzymes into the growth medium and were not further characterized (data not shown).
Protein degradation reduces the amount of displayed reporter protein
Whole-cell enzyme measurements suggest that the Cel8A-LysM and Cel8A-[L]-LysM fusions are not stably displayed, since lower per cell-associated enzyme activities are observed for cells at T = 10 versus T = 5 h (Fig. 2c) . To more precisely define the temporal dependence of protein display, cellassociated Cel8A-LysM and Cel8A-[L]-LysM activity was measured at various times following protein induction with IPTG at T =~2 h (OD 600 = 0.4) (Fig. S1 ). Consistent with the two time point data, higher display levels are observed in strain WB800S for both protein constructs; in both the 168 and WB800S strains, the number of Cel8A-LysM or Cel8A-[L]-LysM molecules per cell peaks during exponential growth and progressively declines as the cells enter the stationary phase.
To better understand why surface enzyme activity is unstable, WB800S cells expressing the Cel8A, Cel8A-LysM, and Cel8A-[L]-LysM proteins were fractionated at T = 5 h and the secreted, cell wall, and protoplast fractions were probed by Western blotting (Fig. 2c) . As expected, the control strain that expresses Cel8A lacking the LysM modules primarily secretes this protein into the medium (lane 4), with little or no intact enzyme observed in the cell wall or protoplast fractions (lanes 5-6). In contrast, cells expressing the Cel8A-LysM fusion retain this protein in the cell wall fraction as evidenced by the presence of a band at~63 kDa (lane 8). Cel8A-LysM likely undergoes partial proteolysis that causes it to be released from the cell surface, as an intense band is observed in the supernatant fraction at~41 kDa that presumably corresponds to a His 6 -Cel8A degradation fragment that lacks the LysM modules (compare lane 7 to lane 4). The Western blotting data also explains why WB800S strains that produce Cel8A-LysM have more cell-associated activity than cells that produce Cel8A-[L]-LysM. This is because only a small amount of intact Cel8A-[L]-LysM protein is observed in the cell wall fraction of these cells, indicated by a very faint band at~75 kDa (lane 11, marked with an B*^). In contrast, the majority of this longer construct is degraded, resulting in the release of two main degradation fragments into the medium:4 0-and 60-kDa fragments that presumably correspond to His 6 -Cel8A and a longer His 6 -Cel8A-[L] polypeptide, respectively. Mass spectrometry analysis of the supernatant fraction of WB800S cells expressing Cel8A-LysM (Fig. 2, lane 7) reveals the main protein species has a molecular weight of 41,861.2695 Da (see BMaterials and methods^). This is compatible with the reporter being proteolyzed within the alanine polypeptide linker segment that immediately follows Cel8A (F32-A408). The notion that remaining proteases that have not been genetically eliminated act to reduce the amount of displayed proteins in WB800S is also consistent with the presence of numerous lower molecular weight degradation fragments in the supernatants of all reporter-expressing cells (lanes 4, 7, and 10). Similar Western blotting analysis of fractionated WB800S cells that produce LysM-Cel8A and LysM-[L]-Cel8A revealed that they fail to display any intact protein, presumably because these protein constructs exhibit increased susceptibility to proteolysis (data not shown). Collectively, these data indicate that Cel8A proteins directly connected via their C-termini to LysM modules have increased stability as compared to Cel8A-[L]-LysM and they suggest that proteases present in both strains and cell wall turnover reduce protein display levels as cells enter the stationary phase. Because strains expressing Cel8A-LysM yielded the highest levels of surface-displayed protein, this reporter protein was characterized further.
Cel8A-LysM display in B. subtilis strains: WB800S, BRB07, BRB08, and BRB14
Recently, Pohl et al. (2013) constructed several proteasedeficient B. subtilis strains that may be better suited for industrial applications than WB800 (WB800S) because they genetically eliminate protease-encoding genes using a markerless approach that does not introduce antibiotic resistance determinants (Wu et al. 2002) . To explore their utility in displaying heterologous proteins, we expressed the Cel8A-LysM reporter in strains BRB07, BRB08, and BRB14. Strain BRB07 eliminates the seven secreted strains. Per cell protein estimates were determined using a cellulase assay as described in the text. Genetically eliminating bacterial proteases increases display but activity declines after the cells enter the stationary phase. c Western blot of fractionated B. subtilis WB800S and cells expressing the Cel8A, Cel8A-LysM, and Cel8A-[L]-LysM reporter proteins. Cells were fractionated into secreted, cell wall, and protoplast fractions, and reporter proteins were detected using primary anti-His 6 mouse monoclonal antibody and secondary anti mouse anti-IgG-HRP. Single asterisk indicates the expected location of the intact Cel8A, Cel8A-LysM, and Cel8A-[L]-LysM reporter proteins. A band for Cel8A-[L]-LysM in lane 11 is present but is too faint to be seen in this image. Lanes are as follows: molecular weight ladder (L); lanes 1, 4, 7, and 10, secreted fractions; lanes 2, 5, 8, and 11, cell wall fractions; lanes 3, 6, 9, and 12, protoplast fractions. The protoplast fraction was diluted by ten times relative to the other lanes. Statistical significance, indicated by single asterisk, was determined using Student's t test with p < 0.05 scavenging proteases (AprE, Epr, Bpr, Vpr, NprE, NprB, Mpr), BRB08 eliminates the seven secreted proteases and the cell wall-associated protease (WprA), and BRB14 is identical to BRB08 but also eliminates two membraneassociated proteases (HtrA, HtrB). Figure 3 shows representative growth data for all strains engineered to express either Cel8A or Cel8A-LysM (closed circle and square symbols, respectively). Strains 168, BRB07, BRB08, BRB14, and WB800S that express Cel8A protein with or without the LysM domain obtained similar OD 600 values. Notably, strain BRB14 grew to lower final densities than the other strains. Parent strains grew at slightly higher rates than reporter-expressing strains, and again, BRB14 grew to lower densities (data not shown). This is consistent with previous studies that have shown that deletion of the quality control HtrA and HtrB membrane proteases adversely affects bacterial growth (Noone et al. 2001; Darmon et al. 2002) . To determine the effects of pr otein expression and extracytoplasmic protease deficiency on the cell morphology of parent strains and Cel8A-LysM-expressing cells, strains were visualized using DIC microscopy at mid-log (T = 5) and stationary (T = 10) phases (Fig. 4) . Parent strains (WT) not engineered to express protein exhibited very similar, wild-type morphologies at both time points, as do strains 168 and WB800S expressing the Cel8A-LysM fusion protein (they form one to two rod-shaped cells). In contrast, at T = 5, BRB14 cells expressing Cel8A-LysM formed a tangled mass of filamentous cells (Fig. 4) . Subtle morphological changes are also observed in the related BRB07 and BRB08 strains induced to express Cel8A-LysM at T = 5, which form filaments that contain, on average, three to four cells. At stationary phase, cells expressing Cel8A-LysM exhibit morphologies that are generally similar to strain 168. However, the BRB-type strains, especially BRB14, have a somewhat curved and elongated shape as compared to strain 168. As discussed later in the text, these effects presumably result from changes in autolysin activity.
For each Cel8A-LysM-expressing strain, the amount of displayed and secreted enzyme activity was measured at mid-log (T = 5) and stationary (T = 10) phases. The quantity of displayed protein is presented in two ways, either normalized to estimate the number of proteins displayed per cell (Fig. S2A, open bars) or as the total amount of cellassociated enzyme present in 100 mL of cell culture (Fig. S2B, open bars) . The former analysis is valid for most strains, as they exhibit similar morphologies with strains BRB08 and BRB14 being notable exceptions as they form longer filaments under certain conditions at mid-log phase. As shown in Fig. S2A , each strain displays 4900-18,000 copies of Cel8A-LysM per cell at T = 5 h. When assessed on a per cell level, WB800S exhibits the highest level of displayed reporter at mid-log phase. However, at stationary phase, this displayed activity is completely lost for all strains except for WB800S and BRB14, which retain proteins on their surface, albeit at reduced levels. Similar trends are observed when the data are normalized to account for differences in cell densities and morphologies, with all strains displaying enzyme at midlog phase, but the levels decrease upon entering stationary phase (Fig. S2B, open bars) . Extracytoplasmic protease expression is known to be upregulated upon entering stationary phase; however, the decline in displayed reporter cannot be solely attributed to this effect, because all protease-deficient strains show declines in cell-associated enzyme activity (Stephenson et al. 1999) . Furthermore, the decline in cellassociated activity is not caused by decreases in fusion protein production, since for all strains, the amount of secreted functional enzyme is larger for cell cultures collected at stationary phase as compared to cultures at mid-log phase (Fig. S2C , open bars). Thus, even though some residual Cel8A-LysM activity is retained on the surface of protease-deficient BRB14 and WB800S cells, genetically eliminating all known extracytoplasmic proteases (BRB14) does not prevent loss of displayed enzyme activity when cells are cultured in LuriaBertani medium.
Chemically inhibiting proteolysis increases the amount of displayed protein
In the protease-deficient strains, cell-associated Cel8A-LysM activity declines upon entering the stationary phase (T = 10 h), presumably because the reporter is degraded by an unidentified protease and/or lost from the cell surface as a result of cell wall turnover. To determine if residual protease activity was responsible for the loss of the reporter, we measured display levels after culturing cells in growth media supplemented with PIC that chemically inhibits the activity of serine-and cysteine-type proteases (solid bars in Fig. S2 ). This cocktail was used because it had been previously employed by Westers et al. (2008) to study the B. subtilis exoproteome. For all strains, when the total amount of cell-associated activity is measured, significant improvements in display are observed when PIC is present (compare solid and open bars in Fig. S2B ). This is especially noticeable in strains BRB07 and BRB08, since they respectively exhibit 7.6-and 5.8-fold increases in total displayed protein activity when PIC is present as compared to cell cultures that lack this additive. Normalization of the data reveals that strains WB800S, BRB08, and BRB14 display the highest amount of reporter protein per cell at stationary phase. Thus, deleting only the feeder proteases and WprA is sufficient to achieve maximal levels of per cell display when other, presumably intracellularly released proteases in the culture media are chemically inhibited. PIC in the culture media also increases Cel8A activity in the secreted fraction (Fig. S2C) , consistent with previous studies that have shown that chemically inhibiting proteases stabilize the B. subtilis exoproteome (Westers et al. 2008) . As B. subtilis BRB14 strain lacks all known extracytoplasmic proteases, the cocktail presumably inhibits cytosolic proteases that are released as a result of cellular autolysis (Smith et al. 2000) .
Interestingly, adding protease inhibitors to the growth media enables both the parent and reporter-expressing B. subtilis cultures to reach slightly higher optical densities, with the largest increases observed for strains BRB07, BRB08, and BRB14 (Fig. 3) . A chemical component within the proprietary inhibitor mixture presumably aids bacterial growth as PIC increases the number of colony-forming units (CFUs) in cultures of BRB08 at T = 10 h (Fig. S3) . However, the CFU data also indicate that when the BRB08 cells are rapidly growing during mid-log phase, OD 600 measurements may overestimate bacterial growth. This is consistent with DIC images of reporter-expressing BRB08 cells at mid-log phase (T = 5 h), which show that in the presence of PIC, the cells form filaments and clump (Fig. 4) . Their morphology is similar to BRB14 cells at T = 5 h, expressing Cel8A-LysM cultured both in the presence and in the absence of PIC, which form even longer and more tangled filaments when PIC is present. More subtle PIC-dependent cell curvature occurs for other cells at T = 5 h when they are expressing Cel8A-LysM, but with the exception of the BRB14 strain, these effects generally subside upon entering stationary phase and the cells appear to separate (T = 10 h). For the isogenic BRB-type strains, the observed morphological differences highlight the importance of extracytoplasmic proteases in cell separation during exponential growth, as the Cel8A-LysM-dependent effects become more pronounced as these enzymes are deleted or chemically inhibited.
Eliminating quality control proteases in BRB14 significantly increases cell membrane stress
The protein expression-induced cell morphology differences in the isogenic BRB strains (Fig. 4) may be caused by the accumulation of misfolded reporter protein in the membrane which alters autolysin function and induces cell stress. To investigate this issue, we used RT-qPCR to monitor the effect of protease inhibition and protein expression on membrane and cell envelope stress responses. Induction of the membrane stress response was determined by measuring cssR messenger Fig. 4 Differential interference contrast (DIC) microscopy of reporter protein-expressing strains. Images were acquired for the parent strain (WT), cells expressing Cel8A-LysM (Cel8A-LysM), the parent strain grown in media containing a protease inhibitor cocktail (WT + PIC), and cells expressing the reporter protein grown in media containing a protease inhibitor cocktail (Cel8A-LysM + PIC). Images of mid-logand stationary-phase cells were collected at T = 5 h and T = 10 h, respectively. Scale bar is presented at the bottom of each image RNA (mRNA) levels, which is part of the CssRS twocomponent response regulator that upregulates HtrA and HtrB protease levels during periods of secretory stress in B. subtilis (Hyyrylainen et al. 2001; Westers et al. 2006; Marciniak et al. 2012) . The effect of protein expression on cssR mRNA levels was determined by comparing the parent and Cel8A-LysM-expressing strains (Fig. 5 ). BRB14 exhibits the highest level of stress (sixfold increases or greater in gene expression at mid-log phase) that, unlike the other strains, remains elevated in stationary phase. To probe the effect of chemical inhibition of extracytoplasmic proteases, we measured cssR RNA levels when the cells were cultured in media containing PIC. For nearly all parent strains, the presence of PIC increased cssR expression at both T = 5 and T = 10 h (with some exceptions). Notably, strain BRB14 exhibited the highest levels of stress, with both parent and Cel8A-LysM cells showing significant upregulation of the cssRS operon when PIC was present. Previous studies have shown that protein secretion can also induce expression of the cell wall stress regulon which may protect the bacterium against oxidative stress or cell wall-targeting antimicrobials (Mascher et al. 2004; Wolf et al. 2010) . Cell wall stress is detected by the LiaRS two-component response system and has been shown to cause upregulation of liaR. For each strain, we used RTqPCR to monitor how liaR mRNA levels changed in response to Cel8A-LysM expression and the presence of protease inhibitors. In general, LiaR gene expression was unchanged, indicating that neither protease deficiency nor protein secretion activates stress response pathways related to cell wall stress (data not shown). Thus, we conclude that as compared to the other strains, BRB14 that lacks genes encoding all extracytoplasmic proteases exhibits significantly more secretion stress when expressing Cel8A-LysM or when it is cultured in media that contain protease inhibitors.
Two-step procedure to create stable enzyme-coated cells
We explored conditions to produce stable Cel8A-LysMcoated BRB08 cells, as this strain exhibits a high level of cell-associated activity at 10 h when cultured with protease inhibitors and because reporter expression causes only modest levels of membrane stress (Figs. 5 and S2 ). Enzyme-coated cells were produced using a two-step procedure. First, BRB08 cells expressing Cel8A-LysM were grown in the presence of PIC and harvested at T = 5 h. Cells were then washed and resuspended in buffer [20 mM Tris-HCl (pH 6.0)] containing different additives. To determine how different solution conditions affected enzyme and cell stability, the cells were incubated at 37°C with shaking and the OD 600 and cell-associated enzyme activity was determined at various times up to 2.5 days. When the cells are resuspended in buffer containing no additives, the OD 600 steadily declines to~35% of its original value by 66 h (Fig. 6a) . A concomitant decrease in cellassociated activity also occurs and is almost completely lost after 66 h. The decline in OD 600 is compatible with previous studies that have shown that B. subtilis undergoes autolysis when deprived of a carbon source, and suggests that the decline in cell-associated enzyme activity is caused by released cytosolic proteases that degrade Cel8A-LysM (Jolliffe et al. Fig. 5 Heat map representing relative cssR expression levels in different strains and under different growth conditions. cssR expression levels in five strains were compared, and for each, the following were included: the parent strain (Parent), cells expressing the reporter (+ Cel8A-LysM), the parent strain cultured in the presence of protease inhibitors (+ PIC), and cells expressing the reporter cultured in the presence of protease inhibitors (+ Cel8A-LysM + PIC). Key indicates relative color association with the respective fold change in cssR, relative to B. subtilis 168 + Cel8A-LysM.
Single asterisk indicates strains which experienced significant secretory stress relative to the parent strain (greater than fourfold). Double dagger indicates strains which experienced significant secretory stress as a result of Cel8A-LysM in the presence of PIC (greater than fourfold), relative to the parent strain grown in the presence of PIC (i.e., Cel8A-LysM expression causes elevated secretory stress in strains already grown in the presence of PIC). Significance was determined using Student's single-tailed t test (p < 0.05). See BMaterials and methods^for controls 1981). This idea is supported by data collected using sodium azide as an additive. This small molecule is known to cause autolysis by decoupling oxidation from phosphorylation and, in the assay, leads to rapid decreases in cell-associated enzyme activity and OD 600 (Fig. 6e) (Harold 1972; Jolliffe et al. 1981) . Furthermore, when PIC is included in the incubation buffer to prevent proteolysis, the cell-associated activity is stabilized, compatible with the idea that PIC inhibits released cytoplasmic proteases that degrade the reporter protein (Fig. 6d) . We sought to prevent autolysis so as to obviate the need for adding PIC to the resuspended cells, as this is a proprietary commercial cocktail and its presence may also act to inhibit the activity of displayed heterologous enzymes. Jolliffe et al. (1981) demonstrated that the presence of glycerol or glucose in the culture media prevents cell lysis, presumably by maintaining the electrochemical gradient across the membrane bilayer. We therefore resuspended the enzyme-coated cells in buffer containing either 0.5% glycerol or 1.3% glucose. In glycerol, approximately~60% of the optical density is retained after 66 h, and the displayed enzyme activity is very stable (Fig. 6c) . Similar beneficial effects are observed when glucose is used as an additive, with enzyme activity maintained throughout the duration of the experiment (Fig. 6b) . Adding PIC to buffers containing either the glycerol or glucose additives did not significantly improve cell-associated enzyme activity, suggesting that the additives are sufficient to maintain cell integrity and prevent the release of cytoplasmic proteases (not shown).
An immunoblot analysis of fractionated cells reveals that the two-step procedure stabilizes cell-associated Cel8A-LysM activity by limiting its proteolytic degradation (Fig. 7) . In the first step of the procedure, protease inhibitors are added to the growth media to prevent the action of released intracellular proteases so that the cells are maximally decorated with intact enzyme. To demonstrate the effects of PIC on Cel8A-LysM display, protein-expressing BRB08 cells were cultured in the presence or absence of PIC, harvested at T = 5 h, and fractionated. For cells cultured without PIC, the full-length 63-kDa Cel8A-LysM protein correctly localizes to the cell wall (lane 8), but a large portion of the protein is proteolyzed and present in the secreted fraction as a~40-kDa fragment (lane 7). This fragment likely corresponds to Cel8A that contains the N- Fig. 6 A two-step procedure stabilizes displayed Cel8A-LysM protein activity and decreases cell autolysis. Cells were prepared using the twostep procedure. Cell-associated activity at the time of harvest was determined. After incubation in buffers with additives, activity was normalized to the initial cell-associated activity at the time of harvest. Cell-associated activity (bars) and percentage of remaining cells (lines) are shown. Cells were dissolved in a CMC buffer, b CMC buffer containing 1.3% glucose, c CMC buffer containing 0.5% glycerol, d CMC buffer containing protease inhibitors, and e CMC buffer containing 25 mM sodium azide. Assays were performed in triplicate. The error bars are the standard deviation b terminal His 6 tag, as it is similar in molecular weight to the protein produced by BRB08 cells that express the Cel8A reporter. Interestingly, when PIC is added to the growth media, the amount of cell wall-associated Cel8A-LysM protein is similar (lane 11), but significantly lower amounts of degradation product are observed in the supernatant (lane 10). The presence of PIC in the growth media is clearly needed to prevent Cel8A-LysM degradation, as protein-expressing BRB08 cells grown in the presence of glycerol, but without PIC, shed degraded protein into the supernatant (lane 13). In the second step of the procedure, cells are resuspended in a buffer that contains either glycerol or glucose to prevent lysis of enzyme-decorated cells. An immunoblot analysis substantiates that when glycerol is used as an additive in these suspensions, it prevents proteolytic degradation. Protein-coated cells produced using the first step of the procedure were dissolved in glycerol-containing buffer, incubated at 37°C for 66 h, and fractionated. Abundant, full-length cell wallassociated Cel8A-LysM predominates in the cell wall (lane 17), with no detectable degradation products shed from the cells into the supernatant (lane 16).
Discussion
Protein-displaying bacteria may be valuable biotechnological tools (Lee et al. 2003; Wernerus and Stahl 2004; Schuurmann et al. 2014; Li and Tao 2015; Smith et al. 2015) . Several research groups have engineered vegetative B. subtilis cells to display heterologous proteins because there are well-established methods to manipulate its genome, it is used industrially to produce biocommodities, it can secrete prodigious amounts of protein, and it has a generally recognized as safe status (Schallmey et al. 2004; Liu et al. 2013 ). However, factors that influence the density and stability of displayed heterologous proteins on vegetative cells are not well understood. Here, we compared the ability of different protease-deficient B. subtilis strains to display a heterologous reporter protein that interacts with the peptidoglycan via a LysM module and we developed a two-step procedure to stably display the reporter for several days. To identify a suitable reporter to monitor protein display, we constructed a series of fusion proteins that contained LysM peptidoglycan binding modules fused to C. thermocellum Cel8A endoglucanase and we determined their display efficiencies using whole-cell cellulase assays and Western blotting. Our results indicate that the positioning of the LysM modules relative to Cel8A and the polypeptide segment that connects it to the Cel8A enzyme are critical determinants for display and stability. The highest levels of stable display are achieved using a Cel8A-LysM reporter that contains three LysM modules appended directly to the C-terminus of Cel8A. Interestingly, Chen et al. (2008) , in their study, observed higher display levels when LysM was placed at the N-terminus of β-lactamase with a 55-amino acid linker, and You et al. (2012) displayed a protein scaffold on the cell Fig. 7 Western blot of fractionated B. subtilis BRB08 cells demonstrating stabilization of displayed Cel8A-LysM. Cells were fractionated into secreted, cell wall, and protoplast fractions, and the presence of the reporter proteins was detected using a primary anti-His 6 mouse monoclonal antibody. Lanes 1-15 show the results of fractionating cells harvested at mid-log phase (T = 5 h): BRB08 parent strain (lanes 1-3), BRB08 expressing Cel8A (lanes 4-6), BRB08 expressing Cel8A-LysM in conventional growth media (lanes 7-9), BRB08 expressing Cel8A-LysM in growth media containing protease inhibitors (lanes 10-12), and BRB08 expressing Cel8A-LysM in growth media containing 0.5% glycerol (lanes 13-15) . Lanes 16-18 show the results of fractionating cells prepared using the two-step procedure that were incubated for 66 h in stabilizing buffer containing 0.5% glycerol (corresponding activity for these cells is presented in Fig. 6c ). Lanes are as follows: molecular weight ladder; lanes 1, 4, 7, 10, 13, and 16 are secreted fractions; lanes 2, 5, 8, 11, 14, and 17 are cell wall fractions; and lanes 3, 6, 9, 12, 15, and 18 are protoplast fractions. The protoplast fraction was diluted by ten times relative to the other lanes. The reporter proteins are expected to migrate on the gel at the following positions: Cel8A (41.3 kDa) and surface using N-terminal LysM domains without an additional linker region. It is interesting to note that in a covalent cell wall attachment system, a 123-amino acid linker derived from FnBPB was necessary to allow the protein of interest to extend to the outside of the cell wall (Nguyen and Schumann 2006) , which may not be necessary for proteins fused to non-covalent binding motifs. Thus, when designing proteins for display, the optimal positioning of the LysM domains relative to the displayed protein presumably needs to be optimized on a case-by-case basis.
It is well known that B. subtilis produces at least ten extracytoplasmic proteases that degrade both secreted and cell wall-associated proteins (Tjalsma et al. 2004; Harwood and Cranenburgh 2008) . These include seven secreted Bfeederp roteases, the cell wall-associated WprA enzyme, and the membrane-associated HtrA and HtrB proteases. To learn how these enzymes impact heterologous protein display, the Cel8A-LysM reporter was expressed in four different protease-deficient B. subtilis strains and the amount of displayed and secreted protein was quantified. The strains tested include wild-type strain 168, which contains a full complement of extracellular and surface-associated bacterial proteases, and four previously reported protease-deficient strains (BRB07, BRB08, BRB14, and WB800) (Wu et al. 2002) . The BRB-type strains were recently constructed and progressively delete proteases: BRB07 eliminates the seven feeder proteases, BRB08 eliminates the feeder proteases and WprA, and BRB14 eliminates all of the extracellular and cell surfaceassociated proteases, including the membrane-associated HtrA and HtrB enzymes (Pohl et al. 2013) . Strain WB800 was studied because it has been used extensively in the research literature (Wu et al. 2002) . WB800 and BRB08 eliminate the same set of enzymes, but unlike the BRB-type strains, the protease genes in WB800 are disrupted by introducing antibiotic resistance determinants. The abundance and stability of secreted heterologous proteins is reduced by the action of the extracytoplasmic proteases and is thought to depend upon the rate at which the protein folds on the outer membrane surface, as well as the presence of proteasesensitive sites within the final folded form of the protein (Stephenson and Harwood 1998; Jensen et al. 2000; Sarvas et al. 2004; Pohl and Harwood 2010) . Surprisingly, all strains are capable of displaying Cel8A-LysM when growing exponentially, but regardless of their exterior protease complement, the amount of cell-associated cellulase activity declines upon entering the stationary phase (Fig. S2) . Displayed cellulase reporter activity is completely lost for strains 168, BRB07, and BRB08, while strains WB800S and BRB14 retain onlỹ 40% activity. A more detailed temporal analysis of reporter display on WB800S cells reveals that surface activity peaks before the cells enter the stationary phase and then declines significantly (Fig. S1 ). These findings were surprising, since prior studies have shown that when the seven secreted feeder proteases are deleted, only 0.15% of the extracellular protease activity remains (Ye et al. 1996) , and that further reductions in activity are achieved by also deleting the cell wall-associated WprA protease (Stephenson and Harwood 1998) .
We hypothesize that in all B. subtilis strains, reporter proteins are shed from the cell surface as a result of cellular autolysis which releases cytosolic proteases that degrade surface-attached Cel8A-LysM (Jolliffe et al. 1980 ). This idea is consistent with previous studies that demonstrated that B. subtilis autolyzes during the stationary phase and that this process is accelerated in protease-deficient strains (Jolliffe et al. 1980; Stephenson et al. 1999; Krishnappa et al. 2013) . The greater propensity of protease-deficient strains to lyse is thought to be caused by increased autolysin activity, which is normally controlled by the major feeder proteases NprE and AprE (Stephenson et al. 1999) . It is also substantiated by our findings. First, our immunoblot analyses of Cel8A-LysMexpressing WB800S cells reveal that a Cel8A degradation product accumulates in the secreted fraction even though these cells lack all known secreted and cell wall-associated bacterial proteases (Fig. 2c) . Second, we have shown that significant gains in the amount of displayed Cel8A-LysM protein occur when the strains are cultured in media supplemented with protease inhibitors (Fig. S2) . Chemical protease inhibition has a very large effect, with all strains retaining displayed cellulase activity even after entering the stationary phase, and up to approximately sevenfold gains in cell-associated activity achieved at mid-log phase. This effect occurs in all protease-deficient strains, suggesting that the chemical inhibitors increase display, in part, by limiting the activity of cytosolic proteases that are released upon autolysis. Finally, we have shown that it is possible to stabilize reporter protein display when the cells are resuspended in buffers containing additives that are known to limit autolysis (Figs. 6 and 7) . On a per cell basis, strains WB800S, BRB08, and BRB14 display the greatest amount of reporter protein at stationary phase after being cultured with protease inhibitors (Fig. S2A) . This suggests that knocking out the feeder proteases in BRB07 is insufficient to stabilize protein display and that other extracytoplasmic proteases must be removed. Interestingly, strain BRB14 produces the least amount of protein (the sum of secreted and displayed activity), suggesting that the HtrA and HtrB membrane-associated proteases are needed to secrete and display properly folded Cel8A-LysM. Overall, these data intimate that in both wild-type and protease-deficient strains of B. subtilis, autolysis releases cytosolic proteases that degrade displayed proteins. However, protein loss can be greatly reduced by chemically inhibiting the proteases.
Reporter protein expression in strain BRB14 that lacks the full complement of extracytoplasmic proteases causes membrane stress and impairs proper cell separation (Fig. 5) . During exponential growth in conventional media, BRB14 adopts an anomalous filamentous phenotype when Cel8A-LysM is expressed (Fig. 4) , which is consistent with prior reports that these cells exhibited impaired growth (Pohl et al. 2013) . Interestingly, the other protease-deficient strains we tested do not form these filaments under similar conditions. As only strain BRB14 disrupts HtrA and HtrB function, we reason that these membrane-associated proteins are required for proper cell separation when Cel8A-LysM is produced. In B. subtilis, LytC and LytD are the primary autolysins that cleave cell wall material at the nascent septum to enable cell separation during vegetative growth (Smith et al. 2000) . Notably, the phenotype of a lytC-lytD mutant (Blackman et al. 1998 ) and Cel8A-LysM-expressing BRB14 cells are generally similar, since both mutants form long chains during exponential growth that shorten when the cells enter the stationary phase. The HtrA and HtrB proteases are upregulated via the CssRS two-component regulatory system as a result of secretion stress and are thought to clear misfolded exported proteins at the membrane-cell wall interface (Hyyrylainen et al. 2001) . We hypothesize that during exponential BRB14 cell growth, the lack of HtrA/HtrB activity causes misfolded Cel8A-LysM to accumulate in the membrane, disrupting the function of these autolysins either by preventing their proper localization to the septum or by changing the physiochemical properties of the septal cell wall material to make it less susceptible to cleavage. However, as growth slows when entering the stationary phase, residual autolysin activity at the septum is sufficient to resolve the cells into shorter chains. The effects on growth and morphology may, in part, also be caused by induction of the cell wall stress-induced WalR operon, which is expected to interfere with cell wall biosynthesis and induce the expression of HtrC, a membrane protease that is homologous to HtrA and HtrB (Fabret and Hoch 1998; Hyyrylainen et al. 2001; Noone et al. 2001; Pohl et al. 2013) . To a lesser extent, other cell wall and secreted feeder proteases appear to compensate for lost HtrA and HtrB activity. This is because BRB08 cells that only contain the membrane proteases HtrA and HtrB also fail to separate properly when co-cultured with protease inhibitors, presumably because these chemicals inhibit HtrA and HtrB. However, strains that also produce WprA (BRB07) or WprA and the feeder proteases (168) do not form filaments when cultured with protease inhibitors, possibly because their extracytoplasmic proteolytic activity is not fully disrupted by the inhibitor cocktail, enabling these enzymes to clear misfolded Cel8A-LysM from the surface that would otherwise adversely affect autolysin function. The important role of HtrA and HtrB in reporter protein display is supported by RT-qPCR measurements of cssR gene expression, which indicate that BRB14 cells expressing Cel8A-LysM exhibit the largest amount of secretion stress when grown in conventional media, relative to other proteasedeficient strains (Fig. 5) . Protein expression upregulates cssR expression ninefold in BRB14 cells, whereas other strains exhibit substantially smaller, but sometimes significant up to twofold increases. This is consistent with proteomic studies that have shown that α-amylase expression in B. subtilis cells lacking the membrane proteases induces secretion stress, whereas eliminating the seven extracellular feeder proteases has less significant effects (Antelmann et al. 2003) . It is also consistent with results reported by Westers et al. (2006) , who used a HtrB-LacZ fusion assay to determine that secretion stress is measurably increased in WB800 as a result of heterologous protein secretion. We also observed this stress induction in WB800S and other protease-deficient strains expressing Cel8A-LysM during mid-log phase, though we note that Westers et al. (2006) observed more significant stress in extra rich media than in Luria-Bertani broth and only assayed HtrBLacZ activity after the onset of stationary phase. In general, chemically inhibiting proteases cause only minimal stress in all strains in the presence or absence of Cel8A-LysM expression. BRB14 is a notable exception since these cells, even when not expressing the reporter, are stressed by adding protease inhibitors (sixfold increase in cssR mRNA). This is likely a result of protease inhibitors exacerbating the accumulation of slowly or misfolding proteins at the membrane in the absence of HtrA and HtrB proteases. Display of Cel8A-LysM can be expected to coat the microbial cell wall. However, this does not appear to causing significant levels of cell wall stress, as RT-qPCR measurements revealed similar levels of liaR expression in all strains regardless of Cel8A-LysM expression or the presence of protease inhibitors. This finding is generally consistent with microarray studies reported by Marciniak et al. (2012) , which showed that only some types of secreted proteins cause the liaFRS operon to be upregulated.
Our results indicate that strains WB800S and BRB08 differ markedly, even though they are derived from the same parent strain and lack the same set of proteases (Wu et al. 2002; Pohl et al. 2013) . In particular, the cells behave differently when protease inhibitors are added to the growth media. When grown in media that lack chemical protease inhibitors, WB800S displays a higher amount of reporter protein on its cell surface at both mid-log and stationary phases (Fig. S2) . However, when chemical protease inhibitors are added, the amount of Cel8A-LysM displayed on BRB08 surpasses that of WB800S at both mid-log and stationary phases. Moreover, unlike WB800S, reporter-expressing BRB08 cells form filaments in the presence of chemical protease inhibitors (Fig. 4) , and all BRB strains experience beneficial growth effects when protease inhibitors are present (Fig. 3) . While it is beyond the scope of this study to identify the molecular basis of these discrepancies, they could stem from the way each strain was created. Notably, unlike the markerless and precise deletions made in the BRB strains, the protease genes in WB800 were disrupted by partial deletions, removing the promoter, signal peptide, and part of the pro-region (Wang et al. 1989; He et al. 1991) , and by disrupting protease genes with the antibiotic resistance genes blasticidin, bleomycin, and hygromycin (Wu et al. 2002) . The additional genetic burden of expressing these antibiotic resistance genes could be responsible for the slightly lower growth and protein production of WB800S. Additionally, strain WB800 may have acquired additional genetic modifications since it was first reported in 2002. This idea is supported by the fact that more recent studies using WB800 have shown that it is now resistant to chloramphenicol (Nguyen et al. 2011) , even though this phenotype was not reported in the original strain (Wu et al. 2002) . Genome sequencing analyses are needed to elucidate the origin of the strain-specific differences.
To the best of our knowledge, our study is the first to determine how genetically and chemically eliminating all B. subtilis extracytoplasmic proteases affects heterologous protein display. However, other groups have studied how these parameters influence the abundance and stability of secreted heterologous proteins. Pohl et al. (2013) used the BRB strains to examine the effect of deleting extracytoplasmic proteases on the amount of secreted anthrax protective antigen (PA). PA reached highest concentrations in the growth medium of BRB08, and similar to our findings with Cel8A-LysM, strain BRB14 produced lower amounts of heterologous PA. Interestingly, they found that levels of SdpC, a toxin that kills non-sporulating cells by collapsing the PMF and inducing autolysis, were significantly increased in BRB07 and BRB08, as compared to B. subtilis 168. This supports our hypothesis that Cel8A-LysM display levels decrease during stationary phase due to cell lysis. Similar to our findings with surface-displayed Cel8A-LysM, Westers et al. (2008) demonstrated that adding chemical protease inhibitors to the growth media and using strains that genetically deleted endogenous extracytoplasmic proteases jointly improved the production of protease-sensitive secreted proteins.
For many biotechnological applications, protein-coated B. subtilis cells will need to be stable for several days. We therefore developed a two-step procedure to stably coat BRB08 cells with Cel8A-LysM. BRB08 cells were used because they can be coated with proteins at high density and they eliminate the greatest number of proteases without causing large increases in membrane stress (Fig. 6) . In the procedure, BRB08 cells expressing Cel8A-LysM are grown to mid-log phase in the presence of chemical protease inhibitors and then harvested and dissolved in stabilizing buffer that contains either glycerol or glucose. These oxidizable carbon sources are believed to help maintain the electrochemical membrane gradient, which, if lost, may cause changes in bacterial surface chemistry that promote autolysin activity (Jolliffe et al. 1981) . It is suggested that autolysin activity is prevented by protonation of the D-Ala ester linkages of teichoic acids and lipoteichoic acids in the cell wall (Rice and Bayles 2008) . The two-step procedure using either glycerol or glucose additives greatly increases the stability of protein-coated B. subtilis cells, enabling the intact Cel8A-LysM reporter to be displayed for nearly 3 days (Fig. 6 ). Other additives may also prove useful in stabilizing displaying proteins, such as TiO 2 nanoparticles that have recently been shown to limit autolysis as well (McGivney et al. 2017) . Further rational modification of the protease-deficient strains may also improve display and stability, as genetically eliminating the production of lytC and/or lytD (or σ D that controls their expression) reduces cellular lysis (Blackman et al. 1998 ) and improves protein display (Kobayashi et al. 2000) . However, these mutant strains adopt a filamentous phenotype during exponential growth that may be exacerbated when the cells are further engineered to display proteins. Potentially, fine-tuning the levels of modulators of autolysin activity such as YoeB may prove useful to stabilize the cell wall and inhibit cell lysis (Salzberg and Helmann 2007) . Significant gains in copy number and stability could also be achieved by displaying heterologous proteins that are more resistant to proteolysis than the Cel8A-LysM reporter. Finally, directed evolution approaches have enormous promise for creating surface-optimized engineered microbes, which would have a plethora of potential biotechnological applications.
